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ABSTRACT
Cosmic Rays (CR) process the matter of the Interstellar Medium. Such energetic processing not only modifies the
interstellar matter but also injects chemical species in the gas phase. In this work, we study the effect of the CR on the
astrophysical polycyclic aromatic hydrocarbons (PAH). For events in which many electrons are stripped out from the
PAH by interaction with a heavy cosmic ray particle, coulomb explosion takes place and carbon chains are produced.
The fragments production rates of carbon chains are of particular interest for astrophysical models. We computed
PAH multi-ionization cross sections with an Independent Atom and Electron collisional model. We introduced and
used a model to predict the fragmentation pattern for the coulomb explosion. Experimental measurements on small
hydrocarbons, C60 and PAHs were used to set confidence intervals on the calculations results. The carbon chains
production rates were calculated using different CR fluxes and elemental compositions, to account for the variations
expected in various astrophysical environments. A range of PAH sizes and compactness were also explored. The PAH
lifetime with respect to a standard interstellar CR flux (corresponding to an H2 ionization rate of ζ ≈ 6.10
−17s−1) is
found to be in the order of a few billion years. The production rates of interstellar carbon chains containing around
5-15 carbon atoms are in the order of few to many tens of percent of the H2 ionization rate ζ. The exact rate value
relies on the nature of the PAH and on the CR composition. In diffuse medium, with ten percent of the available
cosmic carbon locked in PAHs, this process leads to carbon chain fractional abundances at steady state, in the range
of 10−15-10−14, with a confidence interval of about one order of magnitude. It reaches 10−13 in quiescent dense clouds.
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1. INTRODUCTION
In the Interstellar Medium (ISM), carbon atoms are
locked into many different structures. They form the
CO molecules (Dame et al. 2001), numerous highly
unsaturated small carbon based molecules and long
carbons chains based molecules (Bru¨nken et al. 2014;
Liszt et al. 2012; Gerin et al. 2011; Gupta et al. 2009;
Teyssier et al. 2004; Fuente et al. 2003; Cernicharo et al.
2008; Cernicharo & Guelin 1996a; Sakai et al. 2008;
Bell et al. 1997a). Carbon atoms are also found
in large molecules containing a polyaromatic struc-
ture, accordingly to the so-called PAH hypothesis
(Allamandola et al. 1985; Leger & Puget 1984), al-
though, strictly speaking, no pure PAH has been iden-
tified yet. This class of molecules or small grains con-
taining a few tens to a few hundreds of carbon atoms
is believed to be the source of the so-called uniden-
tified or aromatic infrared bands (respectively UIB
and AIB) observed in emission (Leger & Puget 1984;
Allamandola et al. 1985; van Diedenhoven et al. 2004;
Draine & Li 2007; Berne´ et al. 2009; Compie`gne et al.
2011; Joblin & Tielens 2011; Boersma et al. 2014).
To a large extent the cosmic carbon is locked into
grains with a physico-chemical structure ranging
from polyaromatic to hydrogenated amorphous car-
bon grains, a-CH, (Draine 2015; Gadallah et al. 2013;
Jones et al. 2013; Carpentier et al. 2012; Acke et al.
2010; Pino et al. 2008; Dartois et al. 2007; Sloan et al.
2007; Dartois et al. 2004; Pendleton & Allamandola
2002; Colangeli et al. 1995). In dense clouds, a frac-
tion of carbon is also locked into ices (Boogert et al.
2015). The gas phase synthesis of medium size car-
bon based molecules (i.e. with more than 2-4 car-
bon atoms) by a bottom-up pure gas phase chemistry
faces difficulties in matching the observed abundances
(Cuadrado et al. 2015; Guzma´n et al. 2015; Pety et al.
2012, 2005). These molecules may alternatively be
produced by fragmenting the reservoirs of large pol-
yaromatic molecules, and/or interstellar solids with UV
photons, shocks and Cosmic Rays.
The relevance of Cosmic Rays irradiation in the evo-
lution of dust grains, ice mantles has been pointed
out by, e.g., Shen et al. (2004); Ivlev et al. (2015);
Bringa et al. (2007); Leger et al. (1985); Micelotta et al.
(2011). Efforts are presently undertaken to set quan-
titative estimates on the desorption processes efficien-
cies, i.e. the release in the gas phase of molecules, un-
der CR impact (Dartois et al. 2015a; Mej´ıa et al. 2015;
Dartois et al. 2015b, 2013; Seperuelo Duarte et al. 2010;
Godard et al. 2011).
As will be seen in the article, heavy CR impact on
PAH produce highly positively charged species. The
stability of these highly multicharged species has been
poorly addressed yet. The disruption of grains acceler-
ated to relativistic speed has been studied (Hoang et al.
2015). Collisional charging after traversing a gas col-
umn was modeled and used to estimate their mean free
path in ISM. Destruction rates of PAH by CR has been
estimated by Micelotta et al. (2011). In none of these
works, the result of the coulomb explosion i.e. the frag-
ment production rate, was studied. This is the main
purposes of the present work.
In this article we report on the coulomb explosion of
highly positively charged PAHs induced by the interstel-
lar CR leading to the formation of long carbon chains.
In a first section dedicated to model issues, we recall
basic concepts in collision physics. We then present a
model allowing to calculate the PAHs multiple ioniza-
tion cross sections. In the same section, we introduce
some basic concepts about the relaxation of finite sys-
tems. We then present a model to derive fragmentation
patterns resulting from the coulomb explosion induced
by CR. Experiments are used to give confidence interval
of both models. The second section of the article is dedi-
cated to the astrophysical implications. We compute the
PAH fold ionization rates for different CR fluxes distri-
butions and different types of PAH models. We then
calculate the PAH life time with respect to CR and the
production rates of carbon chains. Finally, we derive
first order estimates of the fractional abundances of the
carbon chains induced by CR in diffuse and in dense
interstellar media before to summarize and conclude.
2. PHYSICS OF ION - GRAIN COLLISION
2.1. Collision
2.1.1. Basic concepts
CR of interest are fast particles in the range (0.1
MeV/u - 10 GeV/u). The interaction between ion and
matter results from the interactions the ion with the
target electrons and nuclei. For energies larger than
0.1 MeV/u, the ion - electrons cross sections are many
orders of magnitude larger than the ion - nuclei cross
sections (elastic or inelastic) (Ziegler et al. 2010). The
interaction of CR with matter is then dominated by
the ion-electron interactions. For energy larger than 10
GeV/u both ion - electrons cross sections and CR fluxes
are very low.
In an ion-atom collision, the target electrons feeling
the coulomb perturbation of the ion passing through
can be emitted to the continuum (ionization process),
promoted to an atomic electronic excited state (excita-
tion process) or captured to a bound state of the fast
ion (capture process). At high velocity, the ionization
cross section is twice the excitation cross section, and
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the capture process is many orders of magnitude smaller
(Vernhet et al. 1996) . For each of these processes, the
fast ion transfers energy to the electron(s). In the ion-
ization case, the energy loss by the ion corresponds to
the ionization potential (IP) plus the kinetic energy of
the ejected electron. For the excitation case, the en-
ergy loss corresponds to discrete atomic lines below the
IP. The mean energy loss cross section in one collision
is called the stopping power (usually expressed in eV
cm2/atom). The relative contributions of ionization and
excitation to the stopping power is ≈ 80/20 at all ve-
locities (Ziegler et al. 2010). It is weakly depending on
the type of atom. From the target atom point of view,
the result of the collision is the sudden production of an
excited or/and ionized species (the collision duration is
in the order of ≈ 10−17s, that is much shorter than any
electronic motion). This atom/ion will relax by emis-
sion of photon (with timescale in the order of ≈ 10−15s
to ≈ 10−10s depending on the transition) or by Auger
electron emission in the case of hole in deep inner shells
(with timescale in the order of ≈ 10−15s). It is impor-
tant to say that the quantity of energy relaxed by the
atom/ion is not equal to the energy loss by the projec-
tile, the difference depending on the shell of the active
electron and the kinetic energy of the emitted electron.
In ion-solid interaction, the elementary processes are
the same that in ion-atom interaction. The Bragg’s rule
states that the stopping power of atoms and solids are
identical within few tens of percent (Geissel et al. 1982).
Unlike the ion-atom situation, the energy loss by the
ion and the energy deposited in the solid are identical
because the emitted electrons are stopped within the
solid (with timescale in the order of ≈ 10−12s). The
energy deposited in the form of primary and secondary
electronic excitations is rapidly (≈ 10−12s) distributed
on the solid vibrations in a small volume around the
track. This initial ”heated volume” can be dissipated by
photon emission, thermal relaxation, but also possibly
by permanent atom displacements.
In ion-grain collision, the above mentioned basic pro-
cesses are conserved and the stopping power is the same
that for atom or solid target within few tens of per-
cents. The relation between energy loss and energy de-
posit within the grain is depending on the size of the
grain. For large grains the emitted electrons cannot es-
cape (or few of them at the ion entrance and exit of the
grain) and the deposited energy is identical to the en-
ergy loss as in ion solid interaction. For small grains,
electrons can escape and, as in ion-atom collision, there
is no trivial relation between the deposited energy and
energy loss. With a typical mean energy of the emitted
electrons equal to 30 eV (this value does not strongly de-
pends on the projectile and the target (Chabot 2016)),
the range of the electrons in solid carbon is around 10
angstroms (Oller et al. 2006). The physical limit be-
tween small and large grain with respect to CR collision
can be then set to about 5 angstroms radius for a grain
density of two grams per cubic centimeter(g/cc). Scaled
to a PAH molecule this corresponds to a few hundreds
of carbon atoms.
For the large grain with respect to this criterion,
the electronic excitations (primary and secondary) con-
vert rapidly (≈ 10−12 s) into vibrations. The result-
ing heated grain may then evaporate atoms (or small
molecules) and/or emit photons and/or get structural
and/or chemical modifications. The partition of the in-
ternal energy on these different outgoing channels (frag-
ment formation, kinetic energy release, photon emission,
structure modification,...) depends on the nature of the
grain (covalent, polar, van der Waals,...) and on its size.
We will focus the studies to small grains in this paper.
For the small grains, the internal energy is result-
ing from two causes: i) the holes induced by the ion-
izations in the inner (valence) shells, ii) the collisional
excitation of other electrons into states below IP. For
highly charged grains, the numerous coulomb repulsive
electronic states make the grain to disrupt under the
so called coulomb explosion. We will detail later the
physics of this process.
2.1.2. Model calculation for multi-ionization
The dynamics of CR - grain collisions is described in
the framework of the impact parameter approximation
in which the high velocity CR projectile, with an impact
parameter b with respect to the grain center of mass,
follows rectilinear trajectories with constant velocity v.
To calculate the ionization cross sections, we employ the
so-called independent atom and electron (IAE) model
(Wohrer et al. 1994) where all atoms and electrons are
treated as independent. The IAE probabilities thus con-
sist of the products of atomic probabilities. For example,
with this prescription, the single ionization probability
of a carbon grain made of n atoms is expressed as
P
(1)
ion(b) =
n∑
i=1
P
(1)
ion(bi)
n∏
j=1,j 6=i
(1 − Pion(bj)) (1)
where bi(j) stand for the impact parameter of the i(j)
th
atom with respect to the projectile, P
(1)
ion(bi) and Pion(bj)
stands for the probabilities for single ionization and to-
tal ionization for atom i and j respectively. The atomic
probabilities of processes are computed assuming the
independence of the electrons, i.e. in the framework
of the well-known independent particle model (IPM)
(McGuire & Weaver 1977). Valence as well as inner
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Figure 1. Carbon ionization probability P
(nl)
ion (b) as function
of the impact parameter b for the C + Fe(5 MeV/u) collision
system.
shell electrons are assumed to be active within the dy-
namics. The probabilities entering equation (1), consid-
ering only carbon atoms, can thus be written as
P
(1)
ion(bi) = 2P
(2s)
ion (bi)× (1− P
(2s)
ion (bi))
×(1− P
(2p)
ion (bi))
2
× (1− P
(1s)
ion (bi))
2
+2P
(2p)
ion (bi)× (1− P
(2p)
ion (bi))
×(1− P
(2s)
ion (bi))
2
× (1− P
(1s)
ion (bi))
2 (2)
1− Pion(bi) = (1− P
(2p)
ion (bi))
2
× (1− P
(2s)
ion (bi))
2
×(1− P
(1s)
ion (bi))
2 (3)
In equations (2-3), P
(2s,2p,1s)
ion refers to the probability
of ionizing one electron from the 2s, 2p and 1s sub-
shells of the C atoms. In equation (2), we do not
take into account single ionization of the 1s electrons,
since in this case, a rapid Auger deexcitation takes place
and contributes to the occurrence of a double ionization
(Be´roff et al. 2011a).
Absolute cross sections are derived by integrating over
b the IAE probabilities such as (1). Since individual
bi’s depend not only on b but also on the grain orienta-
tion (Wohrer et al. 1994, 1996), we average the calcula-
tion over all equally probable grain orientations (θ, ϕ in
spherical coordinates) following equation (4)
σQ =
1
4pi
∫ 2pi
0
dϕ
∫ pi
0
sin(θ)dθ
∫ ∞
0
P
(Q)
ion (b, θ, ϕ)db (4)
The integrations were performed using a Monte Carlo
method.
The strategy used to compute the one-electron atomic
probabilities, which are the basic ingredients of the IAE
model, is explained below. The one-electron atomic
probabilities for ionization of sub-shell nl have been ob-
tained assuming an exponential form (Kirchner et al.
2006) :
P
(nl)
ion (bi) = P
(nl)
ion (0)exp(−αnlbi) (5)
Taking into account the relation between the impact
parameter probabilities and cross section, the factor α
is in atomic units:
αnl = [
2P
(nl)
ion (0)
σnl/pia20
]1/2 (6)
where σnl is the ionization cross section for an elec-
tron in the nl shell and a0 is the Bohr radius. Ionization
cross sections were obtained from the Kaganovich et al.
(2006) semi empirical fit (formula 82) using the equilib-
rium charge state of the projectile in H2 computed with
the Betz (1972) formula (Chabot 2016). Zero impact
parameter probability P
(nl)
ion (0) were computed follow-
ing the so-called geometrical model (Sulik et al. 1987).
The impact parameter probabilities for an iron projec-
tile at 5MeV/u (i.e.≈280 MeV) is shown in Fig. 1 as an
example of such calculation.
This model has been proved to be correct for di-
atomic and triatomic molecules (Werner et al. 1997;
Adoui et al. 1999; Kim et al. 2014), as well as for car-
bon and hydrocarbon molecules up to ten’s of atoms
(Mezdari et al. 2005; Be´roff et al. 2011b,a). It has been
also found in agreement with water radiolysis experi-
ments (Gervais et al. 2006).
2.1.3. Multi-ionization cross sections for C60
C60 is the typical size of PAH addressed in this
paper (ie between 50 and 200 carbon atoms). It
has been widely studied in collision (see for example
Reinko¨ster et al. (2001) and references therein). It will
be used as benchmark for ionization but also later for
fragmentation. In addition, the typical size estimated
for PAH emitters based on the PAH models (Tielens
2008) lies in this range.
The Fig. 2 shows a comparison between the IAE model
calculations and experimental measurements for a C60
target ionized by protons (Tsuchida et al. 1998). This
measurement is the only absolute measurement that we
found in the literature concerning multi ionization of
large carbon structures by fast ions. The agreement be-
tween calculations and experiments is very good. The
calculated cross sections for an iron projectile are dis-
played in Fig. 3. The curves peak around 1 MeV/u.
This energy corresponds to the highest stopping power
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Figure 2. Single to quadruple-ionization cross sections of
C60 by proton impact. Symbols: experimental measurements
from Tsuchida et al. (1998) (circle: single, triangle : double,
square : triple, diamond: quadruple); lines: IAE model.
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Figure 3. Single and multiple ionization cross sections of
C60 by Iron impact. The label on the curves corresponds to
the ionization fold.
for Fe projectile (800 eV/A˚ in graphite). It is noticeable
that the low fold ionization cross sections may exceed
the geometrical cross section of C60 (≈ 3.10
−15cm2).
The probabilities of the Q fold ionization as a function
of the impact parameter for C60 are shown in Fig. 4.
Three different projectiles of different stopping power
(10, 100 and 800 eV/A˚ in graphite) have been used.
There is a strong relation between the Q fold ionization
and the impact parameter extension. For the heaviest
projectile, the contributing impact parameters to low Q
values are much larger than the size of the C60 molecule
(6.6 atomic unit). Since cross sections are proportional
to the b×p(b) product, it explains why the cross sections
exceed the geometrical cross sections for the low Q fold
ionizations.
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Figure 4. Relative ionization probabilities as function of
the impact parameter for C60.Upper panel: iron projectile at
1.1 MeV/u (stopping power 800 eV/A˚ in graphite.); middle
panel: carbon projectile at 1.92 MeV/u (stopping power 100
eV/A˚ in graphite.); lower panel: proton projectile at 0.33
MeV/u (stopping power 10 eV/A˚ in graphite.). The label
on the curves corresponds to the ionization fold.
2.1.4. Multi-ionization cross sections for PAH - role of the
hydrogenation degree
Interstellar PAHs contain hydrogen. For the ioniza-
tion cross sections, this is of little importance because
at first order the ionization cross sections scale as the
number of valence electrons. The cross sections for a
PAH containing n carbon and m hydrogen atoms is then
approximately given by:
σ(CnHm) ≃ (1 +
m
4× n
)× σ(Cn) (7)
Even for a hydrogenated laboratory PAH such as
coronene (C24H12), the error on the cross sections is
around 10 % if hydrogen is omitted. We neglect here-
after hydrogen in the collisional calculations.
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2.1.5. Internal energy following multi-ionization
To get insight into the behavior of a grain collided by
a CR, not only the charge state is needed, but also its
internal energy. This energy is resulting from both in-
ner valence holes and electronic excitations. For small
carbon clusters (n=2 to 10), the first contribution (in-
ner valence holes) has been calculated in Be´roff et al.
(2009). Dipole approximation in the collision was as-
sumed. Then, similarly to photoionisation calculations
(Krummacher et al. 1983), pole strength of carbon clus-
ters (i.e. probability of populating a level by ejecting
an electron from an orbital) was used to obtain internal
energy distributions. For all the sizes, the mean internal
energy resulting from ionization was found to be 15 ±
2 eV. Since it is governed by the σ and the pi molecular
orbitals of the C-C bonds, this means that the inter-
nal energy corresponding to a single ionization should
apply for all sizes of carbon grains. The second contri-
bution (internal energy corresponding to electronic ex-
citation) has been calculated for same carbon clusters
in Chabot et al. (2006). The IAE model was used with
energy differential impact parameter probabilities cal-
culated with Classical Trajectory Monte Carlo (CTMC)
theory. The mean energy was found to be 13 ± 2 eV
independently of the cluster sizes. Here again this mean
energy should apply for all the carbon grain sizes. To
derive the relative contributions of ionization and excita-
tion to the internal energy following a Q fold ionization,
we performed calculations of ionization cross sections to-
gether with the excitation. The impact parameter prob-
ability of excitation was approximated by:
Pex(bi) =
σex
σion
P
(2p)
ion (bi) (8)
with the ratio between excitation and ionization cross
section σexσion taken equal to 1/2 (Vernhet et al. 1996).
The double differential cross sections with charge and
number of excitations was therefore obtained. The mean
internal energy for a given charge state Q was then de-
fined by :
E∗(Q) = Q× 15ev + Nex(Q)× 13eV (9)
where Nex(Q) is the mean number of excitation for
a given Q fold ionization. The Fig. 5 shows this mean
internal energy as function of the charge state Q for the
C60 ionized with three projectiles of different stopping
powers (10, 100 and 800 eV/A˚ in graphite.). The slopes
of the three curves are slightly different. It arises from
the multiple excitation contribution that depends on the
excitation probability, scaling with the stopping power.
The relation between charge and mean internal energy
based on these calculations, using a linear regression,
writes:
E∗(Q) ≈ Q × 20ev (10)
Only slight deviations from this formula are expected
for different grain sizes, geometries and hydrogenation
degrees. Finally, following ionization, the coulomb po-
tential energy has to be considered. Indeed, if many elec-
trons are removed only from the highest occupied molec-
ular orbitals (HOMO), no internal energy in the form of
holes will be produced but the grain will dissipate energy
by fragmenting because the produced charge species is
unstable. To estimate this potential energy, the model
of the point charge (Sampoll et al. 1992) can be used. In
this model, the charges are placed at the positions of the
ionized atoms and a potential coulomb repulsive energy
calculated without dynamical screening by the electrons.
This model has been proved to be correct for coulomb
explosion of molecules (Mathur 2004; Siegmann et al.
2000; Jana et al. 2011; Be´roff et al. 2011a). Models of
coulomb explosion with various screening functions have
been also widely used in ion-solid interaction to explain
sputtering (Bringa & Johnson 2002).
The point charge coulomb potential energy writes:
Ec(eV ) = 14.4
n∑
i=1
n∑
j=i+1
qiqj
rij(A˚)
(11)
with qi,(j) the charge state of the atoms i,(j) and rij the
relative distance between the atoms i and j.
For a practical point of view, we computed this energy
for each event in the Monte Carlo calculation.
The Fig. 6 displays the result of this calculation as
function of the charge state for C60 ionized by a Fe
projectile at 5 Mev/u. The points dispersion, each one
corresponding to an event in the calculation, reflects the
varying distances between charges.
2.2. Grain relaxation
2.2.1. Basic concepts
The basic concepts for the fragmentation of finite
systems are well understood since both nuclear and
molecular physics have documented this topic (e.g.
Bondorf et al. 1995; Gross & Hervieux 1995; Gross
1997; Schapiro et al. 1997; Bre´chignac et al. 2002;
Campbell et al. 1996). Unlike macroscopic systems,
microcanonical formulation (i.e. internal energy, num-
ber of constituents and charges are external quantities),
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Figure 5. Internal energy within C60 as function of the
number of ionizations. Square: Fe projectile at 5 MeV/u
(500 eV/A˚ in graphite.); triangle: C projectile at 1.92 MeV/u
(100 eV/A˚ in graphite.); circle: proton projectile at 0.33
MeV/u (10 eV/A˚ in graphite.). The line is a linear regression
on all points.
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Figure 6. Point charge coulomb potential energy, Ec in
C60 as function of the number of ionizations (Fe projectile at
5 MeV/u). Each point corresponds to one trajectory in the
Monte Carlo simulation.
is essential. The calorific curve (i.e. the microcanonical
temperature as function of the internal energy) experi-
ences a fragmentation phase space transition (FPST).
At low internal energy, the curve rises linearly, then
exhibits a more or less pronounced plateau before rising
again linearly. This PST corresponds phenomenologi-
cally to the opening of the particles emission channels
with some enthalpy formation costs (Dı´az-Tendero et al.
2005b). Following this calorific curve, different dissipa-
tion regimes can be drawn from low to high internal
energy. In the radiative regime, the internal energy
is dissipated by infrared emission; in the evaporation
regime, the emission of constituent cools down the sys-
tem; in the fission regime, the energy is used to overcome
fission(s) barrier(s); in the multi-fragmentation regime,
the energy is used to break simultaneously many bonds,
producing many fragments carrying kinetic energy; fi-
nally in the vaporization regime, all the internal energy
goes into kinetic energy. The overlap between the var-
ious regimes is usually important. The internal energy
where FPST transition occurs depends on the cohesive
energy of the system, its size but also its charge. In-
deed, as the charge state increases the system is less
robust under coulomb forces and the FPST is occurring
at lower energy. For very high charge states, since the
object is highly unstable, only multi-fragmention is oc-
curring and the FPST is disappearing. We will treat
in the following only the multi-fragmentation channels
of highly charged species even if there are not the most
probable species created by CR (see Fig. 2 and Fig.3).
In the low charge cases, the grain behavior will be very
similar to photo-ionized or photo-excited grains (with
competition between IR emission and evaporation.)
2.2.2. Model calculation for the multi-fragmentation
pattern
The first task to model the behavior of the ionized
and excited carbon grains under CR impact is to get
the limits where the different dissipation regimes apply (
i.e. evaporation / (quasi)fission / multi-fragmentation).
For that purpose, we used the fragmentation of multi-
charged C60 as prototype. In particular we used the
experiments of Serge Martin team (Qian et al. 2013;
Martin et al. 2008). In their experiments, they mea-
sured the charged fragment distributions for various
charge states and, very importantly, for various inter-
nal energy bins. With mass distribution of fragments
measurements, they defined limits for the different frag-
mentation regimes. The Fig. 7, adapted from their stud-
ies, shows the limits of multi-fragmentation for the CQ+60
ions. In the same figure, we report the internal energy
resulting from the ionization by CR (Eq. 10). For charge
states above four, the multi-fragmentation is the dom-
inant relaxation mechanism. To apply these limits to
any grains, we assumed that they scale as the Q/Nc
ratio where Nc is the number of carbon atoms in the
grain. This ratio gives somehow the number of charges
(and energy) by volume unit, which is the relevant pa-
rameter for a collision taking place in the volume. We
will test later the validity of this criterion with multi-
fragmentation measurements on some laboratory PAHs.
The next task is to predict fragmentation patterns.
For the low charge states, small fragments either neu-
tral or charged may be emitted sequentially (in com-
petition with radiative deexcitation). The probabil-
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Figure 7. Limits of the different fragmentation regimes for
C60 as function of the charge state (adapted from Qian et al.
(2013); Martin et al. (2008)). The dashed line corresponds
to equally probable fission and multi-fragmentation mech-
anisms. The full line delimits the apparition of multi-
fragmentation and the dotted line the disappearance of the
fission. Percentages indicate where the mechanism appears
or disappears. Arrows indicate increasing contribution with
a scale in percent. The dotted dashed line corresponds to
the internal energy calculated with Eq. 10
ity of occurrence of a given fragment size is strongly
connected to its exothermicity. For high charge states
(Q/Nc > 4/60), no measurement of complete fragmen-
tation patterns for large carbon structure have been
reported. Indeed measurements on large systems con-
cern inclusive distributions (i.e. summation of a par-
ticular fragment over many channels of fragmentation).
Moreover, in all experiments, only charged fragments
are observed while neutral fragments are also produced
in the multi-fragmentation process. There are mea-
surements dealing with complete patterns of fragmen-
tation, but only for small multi-charged carbon clusters
(CQ+n (n = 2− 10;Q = 0− 4)) (Chabot et al. 2010). We
will extend the results of these studies to small grains
and use charged fragments mass distributions obtained
with C60, and PAH to check its reliability.
In the experiment of Chabot et al. (2010), small car-
bon clusters were produced with a large distribution of
isomeric forms and collided at high velocity with a He
atomic target at rest in the laboratory. From the com-
plete set of fragmentation branching ratios, a scaling
law for the partitioning of internal energy was inferred.
It stipulates that the part of the internal energy going
into kinetic motion scales as the charge over mass ra-
tio (Q/Nc). Physically this means that the higher the
charges, the more the system relax by kinetic energy re-
lease rather than by opening a new fragmentation chan-
nel. Using the scaling law of this work we write that the
number of fragments produced by the electronic excita-
tions and ionizations, Nfexc , is:
Nfexc = E
∗(Q)/Ebond ×
5
6
(1−
Q
n
) (12)
where E∗(Q) is the internal excitation energy calcu-
lated with formula 10, Ebond is the mean energetic cost
for the production of one fragment in the multi fragmen-
tation process, and n the number of atomic constituents.
For the unstable charged clusters in their fundamen-
tal states (i.e. without any internal excitation energy),
additional fragments were measured to be produced in
a number Nfcoul equal to:
Nfcoul = Q−QH if Q > QH else 0 (13)
Where QH is the highest charge that the grain can sup-
port. Then the total number of fragments is expressed
as:
Nf = Nfexc +Nfcoul (14)
The last task of the model is to get the mass and
charge distribution of the fragments. From a dynami-
cal point of view, small fragments (1,2,or 3 atoms) are
likely to be produced either at the first stage of the
multi-fragmentation or/and by the hot fragments evap-
oration. Based on the presence of both small and large
charged fragments in experiments (Qian et al. 2013;
Martin et al. 2000; Mishra et al. 2013;  Lawicki et al.
2011; Postma et al. 2010), we stated that half of the
fragments will be of the type of small size fragments
and the other half made of large fragments. The mean
size of these large fragments, SLf , is obtained by:
SLf =
n− Nf2 × SSf
Nf
2
(15)
with SSf the mean size of the small fragments in num-
ber of constituents equal to two, and n the total number
of constituents.
2.2.3. Model prediction for C60
To test the model reliability, we applied it first to
C60. C60 is a very stable object because all carbons
are covalently bounded to three neighbors. To reflect
this stability, we adopt for the mean energy needed
to produce a fragment, Ebond entering in formula 12,
the vaporization heat of the bulk graphite (7.4 eV
www.chemicol.com/elements/carbon.html). This value
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Figure 8. Mean size in number of carbon atoms of large
fragments for C4+60 as a function of the internal energy. Full
line: result of the model with Ebond =7.4 eV, dashed line :
Ebond =10 eV (see text). Symbols: experimental mean size of
large charged fragments. Triangles: adapted from Qian et al.
(2013), circles : adapted from Martin et al. (2008)
.
is larger than typical values for carbon based molecules
(≈ 6 eV for the C-C bonds). The highest charge state
that a C60 can support, QH , entering in equation 13, is
14 (Dı´az-Tendero et al. 2005a). For the small fragments
size, SSf , entering in equation 15, we take it equal to
two. Indeed, in the experiments, C3 and C are the main
observed small species when multi-fragmention occurs.
The Fig. 8 displays the mean size of the large fragments
SLf for the C
4+
60 as a function of the internal energy. In
the same figure, we report experimental measurements
of the mean size for charged fragments. Inclusive spectra
of Qian et al. (2013) (Fig.2), and Martin et al. (2008)
(Fig.11) were used to get these values. For the low in-
ternal energy (i.e. less than 100 eV), the agreement of
the model with the experiment is satisfactory, the mean
size being underestimated by about 10 / 20 %. For large
internal energy, the model fails by underestimating the
mean fragment size by a factor of two at 250 eV. If the
mean energy needed to produce a fragment, Ebond is
increased by 25 % (10 eV), the agreement is then satis-
factory. The uncertainties on this quantity will be used
in the astrophysical section to set the confidence interval
of the model.
2.2.4. Model prediction for PAH
Many works have been recently devoted to ion-PAH
collision in the keV energy range. We test our Q/Nc
multi-fragmentation criterion in light of these experi-
mental results. In the pioneering work of Postma et al.
(2010), multi-fragmentation of anthracene molecules
(C14H10) induced by 10-15 keV protons and 8-30 keV
He++ has been demonstrated through the recording
of abundant low mass (2 < n < 15) CnH
+
m hydrocar-
bon fragments. A similar result was obtained in the
experiments of  Lawicki et al. (2011) dealing with col-
lisions of 30 keV He++ with coronene (C24H12) and
pyrene (C16H10) molecules. For these systems, in-
volving low stopping power projectiles (≈ 10 eV/A˚
in graphite), single ionization of the molecule domi-
nates and we calculate a mean molecule charge Qeff ≈
1.2. The Qeff/Nc ratios are therefore equal to 0.085,
0.075 and 0.05 respectively for the anthracene, pyrene
and coronene molecules. It is above (anthracene and
pyrene) or slightly below (coronene) the Q/Nc = 4/60
criterion. The multi-fragmentation is then expected to
occur within our model for the two first cases and is
close to the threshold for the third one. We note that
electron transfer contributes non negligibly in the above
cited experiments whereas it is not introduced in the
model, so that we can consider that overall agreement is
good. Collisions between ions and clusters of PAH have
also been studied. In the first work of that kind, clusters
of anthracene were collided by 11.25 keV He++ projec-
tiles (Holm et al. 2010). The main observed deexitation
channel occurs via emission of a PAH monomer rather
than multi-fragmentation as in the case of the isolated
PAH molecule. These results were corroborated by the
work of Johansson et al. (2011) in the case of 22.5 keV
He++ collisions with clusters of anthracene and clusters
of coronene. Even for such large size, we can show that
single ionization dominates (see bottom panel of fig.
4 for the case of C60). Then Qeff/Nc is much lower
than 4/60 and we do not expect multi-fragmentation
to occur. We now address the question of the size and
hydrogenation of the fragments. In the experiments of
 Lawicki et al. (2011), the mean size of large fragments
(i.e Nc > 3) is 7.5 for C24H12. Applying the model with
Ebond = 6 eV in Eq.13 leads to a mean size of large
fragments SLF equal to 10 while using Ebond = 5 eV
leads to SLF=7.5. We note that we do not take into
account the hydrogen content of PAH in our model. If it
is perfectly justified for collisional cross sections deter-
mination, as discussed in 2.1.4, this is not the case for
fragmentation where hydrogen plays an important role.
Indeed, hydrogen emission is a very probable channel
because of its low binding energy as compared to C.
As a consequence, it is well known that in the evapora-
tion regime (i.e for low charge states and low internal
energy) if there is hydrogen, the carbon skeleton will
be preserved (Le Page et al. 2003). Looking now at the
qualitative effects that a treatment of hydrogenation
would have in our model, we note that two effects play
in opposite directions. First, for a given total number
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of fragments, hydrogen will be overrepresented in small
fragments and accordingly the number of carbons to put
in large fragments will be higher and so will be SLF. The
second effect is related to Ebound which will be smaller
with the presence of H. It gives rise to a higher num-
ber of fragments and, as discussed before, to smaller
SLF values. A proper treatment of hydrogenation is
out of the scope and the present model capability, but
is of course of importance for astrophysical purposes.
Postma et al. (2010) measured the hydrogenation de-
gree of fragments of C14H10 in their experiments. In
average, 2 to 3 hydrogen were found to be linked to
the carbon chains resulting from multi-fragmentation.
We will consider these numbers later as ”typical” in the
astrophysical discussion.
3. ASTROPHYSICAL IMPLICATIONS
3.1. Calculation method and inputs
3.1.1. Rates calculation
The Q fold ionization rate is written:
τQ = 4pi
∑
Z
∫ 10GeV/u
1keV/u
j(E/A,Z)σQ(E/A,Z)dE/A (16)
where j(E/A,Z), the CR spectrum , gives the number
of particles of atomic number Z and atomic mass (Z,A)
of energy E per unit time, area, energy per atomic mass
unit, and solid angle and σQ is the cross section of an
Q fold ionization obtained with Eq. 4 . We will further
assume that:
j(E/A,Z) = fz j(E/A,Z = 1) (17)
where fz is the fractional abundance of CR element of
atomic number Z with respect to proton.
The lower limit of the integration was taken equal to
10 keV/u, and the upper limit was taken equal to 10
GeV/u. At these boundary energies both the CR spec-
trum and ionization cross sections are very low (Chabot
2016).
Following the multi-fragmentation model discussed in
the previous sections of the article, the large fragment
production rate is written:
τM =
∑
Q
τQ
Nf(Q)
2
if ⌊(SLF(Q))⌋ = M (18)
where M is the fragment mass in number of carbon
atoms, Nf is the total number of fragments for the
charge Q obtained with formula 14 and SLF the mean
mass in number of carbon atoms obtained with formula
15.
3.1.2. Cosmic ray spectrum and composition
CR are (mainly) injected into ISM by the explosion of
dying stars (SNe) and confined in the Galaxy by the
magnetic fields (e.g. Grenier et al. 2015; Drury 2012;
Strong & Moskalenko 1998). During their motion, CR
interact with the ISM hydrogen. This interaction shapes
the low energy part (< 100 MeV/u) of the CR spec-
trum (Chabot 2016). Our local CR spectrum, mea-
sured by the voyager mission, is of this type (Webber
1998; Stone et al. 2013). This shape, called GCR spec-
trum in the following, is well described by the expres-
sion of Webber & Yushak (1983); Shen et al. (2004);
Godard et al. (2011). The ionization rate of H2, ζ is
then ≈ 6.3 10−17s−1 in agreement with observations in
dense clouds (Indriolo et al. 2007).
In addition to GCR, local CR spectrum with a strong
component of low energy particles ( i.e. < 100 MeV/u)
can exist because of the proximity of a local source
such as a star or a particular magneto hydrodynami-
cal configuration. Such kind of spectrum leads to an
enhanced ionization rate of H2. It is proposed to be the
source of the H+3 variability measured in diffuse clouds
(Indriolo et al. 2009). The shape of such CR spectrum
can be parametrized with a E−1 function below a cer-
tain energy threshold value (E0=300 MeV/u) (Chabot
2016). ζ is then ≈ 1.3 10−15s−1. We will refer to E-1
for this spectrum.
Fractional abundances of CR (entering in equation 16)
are measured inside our solar local bubble to be very
different from the solar abundances (Cummings et al.
2016; Meyer et al. 1997). The heavier elements that
are locked into the grains in the ISM are over repre-
sented in GCR with respect to elementary abundances.
It means that at the time of acceleration both gas and
grains are concerned (Berezhko & Ksenofontov 1999;
Lingenfelter et al. 1998). Ellison et al. (1997) proposed
that supernova remnant blast waves accelerate both gas
and grains. The atoms sputtered from the fast mov-
ing grain by the collision with ambient gas may then
be injected in the shock with suprathermal energy and
further accelerated. In our local bubble, the 22Ne/20Ne
ratio in CR as compared to gas phase is increased by a
factor 5 (Binns et al. 2005). It is interpreted as the ex-
istence of Wolf-Rayet winds at the time of CR produc-
tions. Such kind of multi-parametric and complex mech-
anisms to explain the CR chemical composition makes
plausible a variability in the CR composition in differ-
ent particular local places of the Galaxy. To explore the
influence of this parameter on our calculations, we de-
fine two elementary compositions for CR. The first one
refers to a ”standard” CR composition (i.e. in our local
bubble) taken from Webber (1998) and the second one
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is obtained by multiplying arbitrarily by a factor of five
all species above Z=5. With this so called ”heavy ions
enriched composition” and with a GCR spectrum, the
H2 ionization rate ζ is 1.6 10
−16s−1 .
3.1.3. PAH model
Interstellar PAH are in the range of few tens to few
hundreds of carbon atoms. They are at the origin
of the unidentified aromatic infrared bands observed
in emission (Leger & Puget 1984; Allamandola et al.
1985). Nevertheless no specific species has been so
far identified, at the notable exception of C+60 recently
(Berne´ et al. 2013; Campbell et al. 2015). Their chem-
ical form (aromatic versus aliphatic bonds proportion),
their hydrogenation degree as well as their size and
geometry are as a consequence elusive. To cover the
possible diversity of hydrocarbon carbon objects, in this
size range, we used three different PAH models. The
first one was made of the backbone (i.e. hydrogen free)
of the circumcoronene (C54). The second one was made
of a stack of 4 circumcoronene backbones with paral-
lel orientation and inter-plane set to 3.5 A˚ (C216). Its
radius is about 5 A˚ and its density is ≈2 g/cc. It is
more of carbon grain type than interstellar PAH follow-
ing the (Leger & Puget 1984; Allamandola et al. 1985)
hypothesis (flat objects).
The last one was made as the second one (C216), but
with all distances increased artificially by a factor two,
forming an open fluffy system. Its density is then ≈ 0.25
g/cc. It is used to test the sensitivity of the results to
the morphology of the objects.
In calculations, none of these PAH models possess hy-
drogen. For the ionization cross sections, this is of little
importance as discussed in 2.1.4. For fragmentation it
may change slightly the results as discussed in 2.2.4.
This will be take into account in the confidence interval
determination, as discussed later.
The absolute number of interstellar PAH experienc-
ing coulomb explosion has to be evaluated. The car-
bon cosmic abundance is debated, but seems to be
lower than previously assumed (e.g. Przybilla et al.
2008; Nieva & Przybilla 2012), with C/H of about
2.14×10−4. We stated that up to 12% of this over-
all carbon atoms may be locked in the interstellar PAH
population (e.g. Draine et al. 2007; Zubko et al. 2004;
Allamandola et al. 1989). Setting all this carbon in the
form of the PAH model 2 or 3 containing 216 carbon
atoms, leads to a fractional abundance of these PAHs of
1.2×10−7. For the PAH model 1, containing 54 carbon
atoms, the fractional abundance is 4.8×10−7.
3.2. Results and discussion
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Figure 9. Rates of Q fold ionizations in a GCR spectrum
with standard composition (ζ=6.3 10−17 s−1) for the differ-
ent PAH models. Squares: model 1 (Nc=54), circles: model
2 (Nc=216; d=2 g/cc), triangles: model 3 (Nc=216; d=0.25
g/cc). At charge state 60, the sum of the rates for Q above
60 is reported.
3.2.1. Ionization rates
The Fig. 9 shows the rates of the Q fold ionization τQ
calculated with Eq. 16 for the three PAH models and for
GCR spectrum with standard composition. The Q fold
ionization rates for the small PAH model 1 (Nc=54) are
always lower that the rates for the large PAH model 2
(Nc=216, 2 g/cc). At low charge states, the ratio is close
to the ratio between the number of carbon atoms (1/4),
while for high charge states it is much lower. Making
the comparison between the PAH model 2 (Nc=216, 2
g/cc) and 3 (Nc=216, 0.25 g/cc), it appears that dense
PAH are more multi-ionized that fluffy PAH.
For the PAH model 2 (Nc=216), the fig. 10 shows the
contributions to the Q fold ionization rates of the dif-
ferent chemical species for an incident GCR spectrum
with a standard composition. Light species (Z = 1 to 4)
dominate the low fold ionization. Intermediate species
(Z = 5 to 15) and heavy species (Z=16 to 26) have iden-
tical contributions for medium fold ionization while only
heavy species contribute to high ionization folds.
For the same PAH model 2, the Fig 11 shows the rates
of the Q fold ionization for the three assumed different
types of CR. Apart from very low Q fold, the rates in a
GCR spectrum are 5 times higher with heavy enriched
composition than with standard composition. This is
twice higher than the ratio of H2 ionization rates ζ (1.6
10−16/6.3 10−17). With a standard composition the E-
1 spectrum is producing between 25 and 30 times more
ionization than the GCR spectrum. This is a bit more
than the ratio of H2 ionization rates ζ (1.3 10
−15/6.3
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Figure 10. Contribution of the different CR species to the
rates of Q fold ionization of PAHmodel 2 (Nc=216) in a GCR
spectrum with standard composition (ζ = 6.310−17s−1).
Circles : contribution of light CR ( Z=1 to 4), triangles:
contribution of medium CR (Z=5 to 15), squares: contribu-
tion of heavy CR ( Z=16 to 26). The full line is the sum of
all contributions.
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Figure 11. Rates of Q fold ionization of PAH model 2
(Nc=216) in different CR types. Triangles : GCR spectrum
with standard composition; circles : GCR spectrum with
heavy enriched composition; squares: E-1 spectrum with
standard composition.
10−17). For the other PAH models the effects of the
energy spectrum and composition are the same.
3.2.2. Life time
The life time of PAH in ISM is governed by the UV
fields, the bath of (hot) thermal electrons, atoms and
ions, the shocks and the CR (Tielens 2013, 2008). The
life time of PAH under UV photons is size dependent.
Indeed, above a given size, the number of modes to dis-
tribute the internal energy over can be large enough to
make thermal evaporation unprobable as compared to
IR emission (Le Page et al. 2003; Andrews et al. 2016;
Allain et al. 1996; Montillaud et al. 2013). For bare car-
bon grains, this UV limit of existence seems to lie around
30/40 atoms in the diffuse medium (Bettens & Herbst
1995). For PAH, containing hydrogen, this limit is lower
because equilibrium between hydrogen loss channels and
refill may occur without (with few) carbon skeleton
modification (Habart et al. 2004). The typical lower
size of stable interstellar PAH under UV is admitted to
be around 20/30 carbon atoms (Montillaud et al. 2013;
Rapacioli et al. 2006). The life time induced by electron
recombination on cationic species has been found always
small as compared to photodissociation and this is also
the case for reactions with atoms and ions. Regard-
ing shocks, the life time has been studied and found to
be very long (i.e larger that 100 Myr) (Micelotta et al.
2010a). For regions with very high electron temperature
(> 106 K), the PAH lifetime may be very short (i.e. less
that 1000 years) (Micelotta et al. 2010b). The lifetime
under CR has been estimated by Micelotta et al. (2011)
to be in the order of few 100 Myrs. In this calculation,
the internal energy of PAH was set equal to an arbitrary
part (0.7) of the CR projectile energy loss. Relaxation
by an evaporation model was then considered to get the
destruction rates.
As we have seen in section 2, the stability of the PAH
after CR impact is defined by the ratio Q/Nc . Above
threshold (Q/Nc)MF value (4/60), the grain is destroyed
by multi-fragmentation. Below this limit the overall
grain stays quasi intact since the evaporation concerns
mainly hydrogen atoms and with a lower probability
small fragments emission. The life time of the PAH then
reads :
Tlife (Myr) = 3.16 10
+13/
∞∑
Q=(Q/Nc)MF×Nc
τQ (19)
Where (Q/Nc)MF is the ratio above which the PAH
disrupts (take equal to 4/60), τQ are the Q fold ioniza-
tion rates of EQ. 16, and the pre-factor is to convert
second in Myr.
The figure 12 shows the life times of the three PAH
models as function of the (Q/Nc)MF ratio under an
irradiation by a GCR spectrum with a standard com-
position. The life time of small PAHs is shorter than
the life times of large PAHS, and dense PAHs are
more efficiently destroyed by CR than fluffy PAHs. At
(Q/Nc)MF equal to 4/60 the life time is of billions of
years for PAH model 1, few billions years for PAH model
2 and few ten’s of billions year for the fluffy PAH model
3. Note that, in fluffy PAHs, weak bonds are likely to
exist. In this case, (Q/Nc)MF corresponding to fission
(found to be 2-3/60 in C60) may be more adequate. The
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Figure 12. PAH life time in GCR spectrum with stan-
dard composition (ζ = 6.310−17s−1) as function of the ra-
tio (Q/Nc)MF where multifragmentation occurs (see text).
Squares: model 1 (Nc=54), circles: model 2 (Nc=216; d=2
g/cc), triangles: model 3 (Nc=216; d=0.25 g/cc)
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Figure 13. Same legend as Fig. 12 for E-1 CR flux (ζ =
1.310−15s−1).
life time would then be reduced by an order of magni-
tude.
The figure 13 shows the life times for the three PAH
models under irradiation with an E-1 CR spectrum and
a standard composition. The life time is shorter than
with a GCR spectrum by about a factor of 20. At
(Q/Nc)MF equal to 4/60, the life time of the small PAH
model 1 is around 100 million years. Even such strong
fluxes of ionizing CR (which are moreover certainly as-
sociated with transient phenomena) are inefficient in de-
stroying interstellar PAH within clouds life time.
In all cases, in accordance with Micelotta et al. (2011)
conclusions, CR have little consequences on the inter-
stellar PAH at the time scale of astrophysical clouds in
Galaxy (millions to tens of millions years). The same
conclusion can be drawn for the Galactic halo where
CR flux is weaker. In the galactic center recent obser-
vations indicate that ζ could be as high as 10−13 s−1
(Le Petit et al. 2016). In such a place, for GCR with
standard composition, the interstellar PAH life time,
with respect to CR, would be in the order of few millions
years.
3.2.3. Fragment production rates
As a result of PAH destruction by CR, fragments are
produced. The figures 14 to 16 display the fragment
production rates using Eq. 18 for the three PAH models
irradiated by a GCR spectrum with a standard compo-
sition. The charge to mass ratio above which the PAH
disrupt (Q/Nc)MF has been taken equal to 4/60.
In the fragmentation calculation (see Eq.12), an im-
portant parameter is the mean energy to produce one
fragment, Ebond. To include the error made by a wrong
determination of this number, which may depend on
the PAH nature (aromaticity, hydrogenation degree, ..),
we performed the calculations for Ebond = 6, 7 and 8
eV. In all the PAH models, a small Ebond leads to large
fragments production rates but on a smaller size inter-
val. The fragment rates changes due to this parameter
are within a factor of 2 or 3, except for the case of the
PAH model 3, at low fragment sizes (see Fig. 16). Ex-
cluding the fluffy PAH model 3, it is remarkable that
all fragment sizes are produced with almost identical
rates. Moreover, the rates are not sensitive to the PAH
size. But increasing the PAH size increases the maxi-
mum fragment size (compare Fig. 14 and 15). For the
fluffy PAH model 3, the rates are always lower than the
rates for the dense PAH model 2. There is a factor 3 be-
tween masses 15 and 10, an order of magnitude for mass
6, and more than two orders of magnitude for masses
below mass 5. As we already saw for the life time, fluffy
PAHs are more resilient to CR and produce less frag-
ments. Nevertheless, as mentioned before, such fluffy
PAHs are certainly subject to fission that we do not
take into account in our model. Calculations made with
(Q/Nc)MF = 3/60 instead of 4/60 show an increase of
the maximum mass by about four carbons, with equal
rates.
To better appreciate the effects of the different CR
types on fragment production, we report on Fig. 17 the
fragment production rates normalized to the H2 ioniza-
tion rates ζ. The calculations were performed for the
PAH model 2 with Ebond = 6 eV and (Q/Nc)MF =
4/60. For a GCR spectrum with standard composition,
the production rates are ≈ 40 % of ζ, whereas it is ≈ 60
% of ζ for a E-1 spectrum and ≈ 80 % of ζ for a GCR
spectrum with heavy enriched composition.
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Figure 14. Fragment rates produced by GCR spectrum
with standard composition (ζ = 6.310−17s−1) as a function
of the fragments size for the PAH model 1 (Nc=54). Circles:
Ebond=6 eV, triangles: Ebond=7 eV, squares: Ebond= 8 eV
(see text).
Figure 15. Same legend as Fig. 14 for PAH model 2
(Nc=216; d=2 g/cc).
Figure 16. Same legend as Fig. 14 for PAH model 3
(Nc=216; d=0.25 g/cc).
Figure 17. Production rates of fragments, in unit of H2
ionization rate ζ, as a function of large fragment size SLF
for the PAH model 2 ( Nc=216, d= 2g/cc) in various CR
fluxes. Circles: GCR spectrum with standard composition
(ζ= 6.3 10−17 s−1); triangles : E-1 spectrum with standard
composition (ζ= 1.3 10−15 s−1); squares: GCR spectrum
with heavy enriched composition (ζ= 1.6 10−16 s−1).
The fragmentation process produces large fragments
but also small ones. In the model, they are assumed to
be made of one, two or three carbon atoms. The produc-
tion rates of these small fragments are given in Table 1
for the different PAH models and CR types. As for the
large fragments, large and dense PAHs produces more
small fragments than small or/and fluffy PAHs. GCR
spectrum with heavy enriched composition produces al-
ways more small fragments than the other CR types.
Because we assumed in the model an equal population
of large and small fragments, those rates are equal to
the sum over the size of the large fragments production
rates.
The confidence interval of the calculated rates is now
considered. The error on the model parameter Ebond
leads to an error factor of 2 (see Fig. 14 and Fig. 15).
The error on the (Q/Nc)MF parameter is difficult to esti-
mate since only C60 data are available to set it. As it can
be seen in Fig. 12, decreasing this parameter from the
4/60 value leads to a more drastic effect than increasing
it. In other words, if PAHs are more robust that what
we supposed ((Q/Nc)MF > 4/60) it affects slightly the
results while if it is less robust it may change it more.
Accordingly, we estimate that the error from (Q/Nc)MF
parameter may range in × 5 ÷ 2. The rates are then
predicted with an estimated confidence interval of × 10
÷ 4.
3.2.4. Impact on the gas phase
CR destroy interstellar PAH and produce hydrocar-
bon fragments, so that any gas phase medium contain-
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PAH model Type of CR Rate (s−1) Rate/(ζ)
1 GCR standard 1.8(-16) 2.8
GCR heavy 8.8(-16) 5.5
E-1 3.5(-15) 2.7
2 GCR standard 2.2(-16) 3.6
GCR heavy 1.1(-15) 7.0
E-1 7.3(-15) 5.6
3 GCR standard 4.0(-17) 0.6
GCR heavy 2.0(-16) 1.2
E-1 1.3(-15) 1.0
Table 1. Total production rates of small fragments in s−1
and in unit of H2 ionization rate ζ (two last columns), for
the three PAH model (first column) and different CR type
(second column). A(B) = A×10B .
ing PAH will be seeded with long hydrocarbon ”chains”.
This is a continuous injection since the life times of PAH
are very long. To address the gas phase abundance of
these chains at steady state, the production rates given
by the model have to be compared to the chain destruc-
tion rates.
- Diffuse medium
In the diffuse medium the destruction first occurs by
photo-dissociation under UV field. Rates are typically
in the range of few 10−9s−1 under unshielded interstel-
lar radiation field (ISRF) (van Hemert & van Dishoeck
2008; van Dishoeck 1988; Wakelam et al. 2015). If the
chains contain hydrogen atoms, a few photons will be
necessary to dehydrogenate before the photo-destruction
of the skeleton occurs. Effective destruction rates by
photon would then be lowered. Reactions of neutral
species with ions (C+) also cause carbon chains destruc-
tion (Chabot et al. 2013). Here again, if the carbon
chains contain hydrogen, more than one reaction will
be necessary to destroy the carbon chain skeleton. In a
diffuse cloud at steady state, most of the carbon is in
the form of C+. With 500 H cm−3, Av=0.2, T=110 K,
ζ = 6.3 10−17s−1, the fractional abundance of C+ cal-
culated with the Nahoon code using the KIDA database
and elementary composition of Hincelin et al. (2011) is
C+/H = 1.68 10−4 (for a total carbon to H ratio in gas
phase of 1.70 10−4). It corresponds to a density of 8.5
10−2cm−3. With an ion molecule reaction rates of a few
10−9cm3s−1, the destruction rate by ion molecule re-
action is then in the order of a few 10−10s−1. Other
ions or atoms are in too low quantities or react too
slowly to have a significant influence. The charged car-
bon chains in addition may be destroyed by dissociative
recombination (DR). If hydrogen is present, the carbon
skeleton is preserved since H emission dominates and
DR simply transforms the charged chains into neutrals.
In the diffuse medium, the electron fractional abun-
dance is approximately equal to the C+ abundance (8.5
10−2cm−3). Adopting a DR rate of 10−6cm3s−1 at 110
K (Wakelam et al. 2015), the neutralization rates of the
charged chains are then in the order of 10−7s−1.
Accordingly we will state that destruction rates in dif-
fuse medium are 10−9s−1 for neutral chains and 10−7s−1
for charged ones (neutralization). Reaction of neutral
chains with electrons leading to anion species are not
considered because rates are still debated (Carelli et al.
2013; Khamesian et al. 2016; Moustefaoui et al. 1998).
The steady state abundances of chains for the differ-
ent PAH models and CR types, are shown in Table 2.
They were calculated using the destruction rates dis-
cussed above. For the production rates, we used the
mean production values between a mass 5 and 10 with
Ebond = 6 eV (see for example Fig. 14 to 16). We
stated that 3 states of hydrogenation of carbon chains
are produced in equal quantities. The fractional abun-
dance of CnHm species (n=5-10; m=0-2) reported in
Table 2 have then been obtained by dividing the mean
production rates by a factor three.
The charged chains containing hydrogen are mostly
transformed to neutral chains with conservation of the
carbon skeleton due to hydrogen emission as we already
discussed. The neutral fractional abundance reported in
the Table 2 have then be increased by 50 %.
The fractional abundances of ionic species are two or-
ders of magnitude lower than neutrals. This is due to
the difference between photo- dissociation and DR rates.
Fractional abundances of the neutral chains range from
a few 10−16 to a few 10−14. The lowest abundance is
obtained for the large fluffy PAH in a GCR spectrum
with standard composition and the highest one for a
small PAH in E-1 spectrum.
The destruction rates for a particular species may
vary by factor of 5 with respect to the mean adopted
values. Together with uncertainties on the productions
rates, the abundances of Table 2 are predicted with an
estimated confidence interval of × 50 ÷ 20.
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GM [PAH]/[H] CR ζ(s−1) Production rate (s−1) [CnHm]/[H] [CnH
+
m]/[H]
1 4.8(-7) GCR S 6.3(-17) 5.9(-18) 4.2(-15) 2.8(-17)
GCR H 1.6(-16) 2.8(-17) 2.1(-14) 1.4(-16)
E-1 S 1.3(-15) 9.3(-17) 6.6(-14) 4.4(-16)
2 1.2(-7) GCR S 6.3(-17) 8.4(-18) 1.5(-15) 1.0(-17)
GCR H 1.6(-16) 4.2(-17) 7.5(-15) 5.0(-17)
E-1 S 1.3(-15) 2.8(-16) 5.0(-14) 3.3(-16)
3 1.2(-7) GCR S 6.3(-17) 2.2(-18) 3.9(-16) 2.6(-18)
GCR H 1.6(-16) 1.1(-17) 2.0(-15) 1.3(-17)
E-1 S 1.3(-15) 7.3(-17) 1.3(-14) 8.8(-17)
Table 2. Fractional abundances of carbon chains produced by CR in diffuse medium (500 H cm−3, Av=0.2, T=110 K). A(B)
= A×10B . First column: PAH model type; second column: fractional abundance of PAH, third column: CR type (S: with
standard composition, H: with heavy enriched composition); fourth column: ionization rate of H2, fifth column: production
rates by CR in s−1 of individual CnHm (n = 5-10; m= 0-2) chains (see text); sixth column: fractional abundance of individual
neutral chains; last column: fractional abundance of individual charged chains.
- Dense medium
In quiescent dense cloud media (Av = 2 to 5) for a
particular combinations of age, temperature, and cloud
density, PAHmay be still free flying (Wakelam & Herbst
2008). If PAH are considered free, the depletion on icy
grains of molecular species (CO, H2O, ...) is also as-
sumed to be not achieved. The elementary abundances
are the same that in the diffuse medium. ISRF photons
cannot penetrate dense clouds. Neutral atomic species
and the ions induced by CR are the main destructive
species. Secondary UV photons induced by CR are of
less importance to destroy chains. The Table 3 gives
the list of neutral atomic species and ions destroying
the chains. We do not consider, as in the case of the dif-
fuse medium the electron attachment. We displayed for
each reaction a mean reaction rate over the size and hy-
drogenation of neutral chains. Recent studies on C and
O reactions with chains (Loison et al. 2014), together
with KIDA database 2014 (Wakelam et al. 2015), were
used.
We performed steady state calculation with the Na-
hoon code (Wakelam 2014) for various [O]/[C] ratio > 1
to get the atomic and ion reactant concentrations. We
did it for a medium of 2 104 H cm−3, T= 10 K, Av=10,
using the initial abundance of Hincelin et al. (2011). Us-
ing these concentrations and the reaction rates, the de-
struction rates of neutral chains in dense medium are
reported in the Table 3.
For oxygen rich medium, the oxidation drives the de-
struction. For oxygen poor medium (unlikely to exist
in ISM normal clouds), the reaction with carbon dom-
inates. Keeping a ratio [O]/[C] well above 1, the total
destruction rates is accordingly in the order of 2. 10−11
s−1 for neutral chains. For the charged species, the re-
actions with C and O are of the ion molecule reaction
type with a typical reaction rate in the order of 10−9
cm−3 s−1. It leads to a destruction rate of 7 10−10 s−1
for [O]/[C]=1.41. Destruction of charged chains are also
resulting from DR. The fractional electron abundance,
still for same [O]/[C] ratio, is calculated to be in the
order of few 10−8. It produces destruction rates in the
order of few 10−10 s−1. Altogether the destruction rate
of charged chains is in the order of 10−9 s−1. Like in
the diffuse medium, charged chains are destroyed faster
than neutral ones by around two orders of magnitude.
The fractional abundances of the chains in a dense
medium are given in Table 4. The productions rates
are the same that the ones used for the diffuse medium.
We do not report on the E-1 spectrum calculation be-
cause it fully transforms to GCR spectrum as soon as
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Reactant Reaction rate Destruction rate (s−1) Destruction rate (s−1) Destruction rate (s−1)
(cm3 s-1) [O]/[C]=1.41 [O]/[C]= 1.12 [O]/[C]= 1.06
O 5.0(-11) 1.8(-11) 1.1(-11) 7.0(-12)
C 3.0(-10) 1.3(-14) 4.5(-12) 7.2(-11)
N 1.0(-13) 2.9(-15) 1.5(-12) 1.2(-12)
C+ 1.0(-9) 1.1(-13) 4.3(-13) 4.2(-12)
He+ 2.5(-9) 2.1(-14) 6.8(-15) 7.0(-15)
H3+ 2.0(-9) 4.2(-14) 4.3(-14) 4.6(-14)
HCO+ 1.5(-9) 1.6(-13) 6.3(-14) 7.2(-13)
Total - 1.8(-11) 1.6(-11) 8.3(-11)
Table 3. Destruction rates of neutral carbon chains in dense medium (2 104 H cm−3, Av=10, T= 10 K). First column: Reactant
; second column: reaction rate in cm3 s−1; three last columns: destruction rates in s−1 for [O]/[C] ratio respectively equal to
1.41, 1.12, 1.06. A(B) = A×10B .
it is propagated within a medium with Av > 1 (Chabot
2016).
The fractional abundance of chains in dense medium
is ranging between 1. 10−12 and 2. 10−14. With
the adopted fractional abundance of PAH (PAH/H ≈
1. 10−7), the carbon chains abundance per PAH is found
to range between 1. 10−5 and 2. 10−7.
Uncertainties on these calculated abundances are sim-
ilar to the ones for the diffuse medium. i.e × 50 ÷ 20.
They are coming from model errors and from errors on
the adopted destruction rates.
- Confrontation to observations and other chain pro-
duction mechanisms
The predicted carbon chains abundances are below the
present observation capabilities. By consequence, the
coulomb explosion of PAH it not involved in any of the
many reported detections of carbon chains, namely in
circumstellar envelopes of carbon rich asymptotic giant
branch stars (Cernicharo & Guelin 1996b), in cold dense
(quiescent) clouds (Benson & Myers 1983; Bell et al.
1997b; Sakai et al. 2010; Li et al. 2016; Hirota et al.
2009), and in protostar cores (Sakai et al. 2008). In the
diffuse medium, upper limits for some long chains have
been established (Liszt et al. 2008, 2012). These limits
are higher (compatible) with the present results.
The steady state abundances of carbon chains from a
pure gas phase chemistry are very weak. For example,
in dense cloud, using Nahoon and the KIDA database,
≈10−18 for C8H and in diffuse medium ≈5.10
−16 for
C5H. It is many order of magnitude lower than the car-
bon chains abundances produced by the coulomb explo-
sion of PAH.
4. CONCLUSIONS
In this work, we modeled the CR induced multi-
ionization cross sections of interstellar PAHs. We cal-
culated the carbon chains production resulting from the
subsequent coulomb explosion taking place for high Q
fold ionization of the PAH. The calculations were found
in reasonable agreement with existing experiments per-
formed on the C60 molecule, small hydrocarbons, and
PAH. Additional experiments would help in further con-
straining the details of the model.
With double differential cross sections in energy and
projectile atomic number, the carbon chains production
rates using different CR types and for different size and
compactness of PAH models were computed. The size of
the carbon chains resulting from the coulomb explosion
extends up to 10 to 15(±3) carbon atoms, depending on
the size, compactness and hydrogenation degree of the
PAHs. Their production rates are weakly depending on
their sizes. The carbon chains production rates range
from a few to many tens of percents of the H2 ionization
rate, depending on the PAH structure and the adopted
CR type (i.e. Galactic standard spectrum or closer to a
local CR source with a steeper low energy flux distribu-
tion).
In the diffuse medium under GCR spectrum, for a
depletion of carbon in PAH of ≈ 10% of the available
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GM [PAH]/[H] CR ζ Production rate [CnHm]/[H] [CnHm+]/[H]
(s−1) (s−1)
1 4.8(-7) GCR S 6.3(-17) 5.9(-18) 2.0(-13) 2.8(-15)
GCR H 1.6(-16) 2.8(-17) 1.0(-12) 1.4(-14)
2 1.2(-7) GCR S 6.3(-17) 8.4(-18) 7.6(-14) 1.0(-15)
GCR H 1.6(-16) 4.2(-17) 3.8(-13) 5.0(-15)
3 1.2(-7) GCR S 6.3(-17) 2.2(-18) 2.0(-14) 2.6(-16)
GCR H 1.6(-16) 1.1(-17) 1.0(-13) 1.3(-15)
Table 4. Same legend as the table 2 for a dense medium (2 104 H cm−3, Av=10, T=10 K).
cosmic carbon, the estimated chain steady state frac-
tional abundances range from 10−15 to 10−14. In dense
clouds, shielded from external UV at moderate Av, they
range around 10−13. The uncertainties are in the order
of ×50 ÷20. They are due to the approximations on the
model, the poor knowledge of the exact structure of the
PAH, and the determination of destruction rates. For
the long carbon chains, with a number of carbon greater
than 6, these abundances are 104−6 larger than pure gas
phase steady states abundance in both diffuse and dense
medium.
Observationally, the column density sensitivity capa-
bilities with present astrophysical observatories make
the detection of this process certainly difficult. Nev-
ertheless in the surrounding environment of PAH, the
calculations show that there is around 10−6 - 10−7 of
carbon chains per PAH due to the CR coulomb explo-
sion.
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